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JordanThe infiltration of untreatedwastewater into aquifers highly endangers the availability of fresh-water for human
consumption in semi-arid areas. This growing problem of potable water scarcity urgently requires solutions for
groundwater protection. Decision support systems for local wastewater treatments in settlements already
exist. However, the main challenge of implementing these for regional groundwater protection is to identify
where wastewater treatments are most efficient for the whole region. In this paper, we addressed this scale-
crossing problem with an interdisciplinary approach that combines regional risk assessment and assessment of
local wastewater treatment scenarios. We analysed the impact of polluting the groundwater using vulnerability,
hazard, and risk assessments. Thus, we identified the need for semi-arid and karst-related adjustments, defined
more suitable standards for wastewater hazard values, and accounted for the groundwater dynamics beyond the
vertical flow paths. Using a lateral groundwater flowmodel, we analysed the impact of the pollution sources and
linked the regional and local scale successfully.
Furthermore, we combined the geoscientific results with the urban water engineering methods of area and cost
assessments for local wastewater scenarios. Based on the example of the Wadi al Arab aquifer in Jordan, we
showed that implementing an adapted treatment solution in one of the heavily polluted suburban settlements
could reduce 12% of the aquifer pollution, which affects 93% of the potential aquifer users. This novel method
helps to identify settlements with significant pollution impact on the groundwater, as well as the users, and
also gives specific guidelines to establish the most efficient locally tailored treatment solution.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).ydrology, Helmholtz-Center for Environmental Research UFZ, Halle, Germany.
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1.1. Background
According to theUNwater report (WWAP, 2017), water resources in
low-income countries are endangered by the uncontrolled release of
untreated wastewater. Being one of the most severe multi-pollutant
sources, wastewater contains nutrients, bacterial, and organic pollut-
ants. The lack of regular sanitation and the release of untreated waste-
water to the surroundings cause pollution of the surface water, soil,
and groundwater (Amous, 2014; Foster et al., 2013). Many of these
low-income countries exist in semi-arid regions, where the people
greatly rely on groundwater as the only sufficient source of freshwater
due to the hot and highly evaporative climatic conditions, and the ab-
sence of surface reservoirs (Rödiger et al., 2014; Şen et al., 2013;
Seckler et al., 1999). In addition, constant population growth leads to in-
creasing groundwater abstraction (Vorosmarty et al., 2000) and conse-
quently, pollution of water sources (WWAP, 2017), which amplify the
problem of water scarcity and signal the urgent importance of ground-
water protection in semi-arid regions.
It is known that preventive measures are more accessible and cost-
effective than attempts to reverse groundwater pollution (GWP, 2014;
Kemper, 2004). However, the protection of groundwater raises several
issues that border on policy, which poses a major challenge for water
planners as it requires options and action that are locally tailor-made
to suit different areas (GWP, 2014; Kemper, 2004; Foster et al., 2002).
Tominimise the groundwater pollution and its physical, social and eco-
nomic pressure, the development of efficientwastewater treatment and
reuse concepts will be essential (WWAP, 2017; Van Afferden et al.,
2010; Kemper, 2004). Van Afferden et al. (2015) exemplified using
the example of Jordan, that sewage treatment plants are installed in
most urban areas, but suburban and rural settlements are neither con-
nected to such centralised facilities nor have treatment alternatives
due to their high costs (NICE, 2015). Hence, the uncontrolled release
of sewage potentially endangers groundwater (Grimmeisen et al.,
2017); — the primary source of drinking water in large parts of these
countries.
Feasible economic small-scale facilities that could provide solutions
exist in the form of decentralised wastewater treatment plants
(WWTPs) (NICE, 2015; Van Afferden et al., 2015; Wilderer and
Schreff, 2000). Such facilities are advantageous due to their flexibility
to the settlement conditions, and the low costs for their investment, op-
eration and maintenance (Van Afferden et al., 2015; Wilderer and
Schreff, 2000). On the local scale, a series of indicators such as topogra-
phy, population density, and the composition ofwastewater, control the
feasibility, costs and benefits of the different treatment solutions
(Libralato et al., 2012). Decision support systems based on urban
water engineering, such as the ALLOWS-tool (Van Afferden et al.,
2015), are used to derive the costs and benefits of treatment plants in
different locations within a settlement. The ALLOWS-tool provides in-
formation on the efficiency and cost of different treatment technologies
and is a valuable tool for decision-makers to implement the most effi-
cient system. However, while such decision support systems are avail-
able at the local scale, the main challenge at the larger scale of
groundwater protection is how to locate and prioritise the most effec-
tive single local actions (NICE, 2019). In order to efficiently minimise
the deterioration of the aquifers and develop a suitable treatment con-
cept, it must be determined which settlement has the major impact
on the groundwater, and more importantly, how many users are im-
pacted by this settlement's pollution.
Resolving this challenge first of all will require the assessment of the
groundwater dynamics and flow as well as its sensitivity to pollution
from the surface. Based on geoscientific studies, the combined
European approach COST Action 620 (Zwahlen, 2003) of groundwatervulnerability, hazard, and risk mapping can be used to provide an over-
view of the spatial extent and vertical impact of potential anthropogenic
pollution in three steps (Daly et al., 2004; Gogu and Dassargues, 2000).
Several vulnerability methods (such as GOD, DRASTIC, SYNTACS, EPIK,
PI, and COP) are used to assess the spatially discretised sensitivity of
the groundwater body to pollution and to visualise the scale of its im-
pact (Machiwal et al., 2018). All of them evaluate within the “intrinsic
vulnerability” the characteristic of the pollutant in a vertical pathway
from the place of infiltration down to the groundwater table (Foster
et al., 2013). This is independent of the kind of pollution and is based
on its travel times through the unsaturated zone, water storages, and
groundwater recharge areas in the catchment (Witkowski et al., 2017;
Zwahlen, 2003; Gogu and Dassargues, 2000). Hence, all “intrinsic vul-
nerability” methods are based on characteristic hydrologically relevant
data such as precipitation, topography, land use or cover, soil texture
and thickness, geology, and may sometimes consider karst features
(Gogu and Dassargues, 2000; Witkowski et al., 2017), while the “spe-
cific vulnerability” in addition to these also considers a specific behav-
iour of the selected pollutant in the hydrological system (Zwahlen,
2003). The DRASTIC and SYNTACS methods are widely used for any
kinds of aquifers and produce results that can be used at very high res-
olution or large scales, but they consider a great number of parameters
which include the hydraulic conductivity (Machiwal et al., 2018;
Polemio et al., 2009).
Karstic aquifers are particularly challenging in vulnerability map-
ping since they develop interconnected subsurface cavitation and
form a conduit network throughout the aquifer by groundwater solu-
tion of carbonate rocks (Butscher and Huggenberger, 2008;
Bakalowicz, 2005) whosemagnitude is difficult to predict. The fast infil-
tration of pollution through swallow holes, dolines and sinking streams,
aswell as the undamped percolation through open conduits, make such
aquifers highly vulnerable. In addition, the karstic groundwater has
short residence times and hence only limited potential for the natural
attenuation of short-lived pollutants such as faecal bacteria fromwaste-
waters (Machiwal et al., 2018). Therefore, it is also crucial to consider
karst in heterogeneous aquifers, where vulnerability approaches like
PI and COP show realistic results (Machiwal et al., 2018; Polemio et al.,
2009; Andreo et al., 2006), though they indicate only the geogenic filter
potentials and therefore the high or low effect of pollution. However, all
vulnerability methods have their limitations, and they are either empir-
ical or not transferable without adaptation to other climatic zones
(Xanke et al., 2017; Margane and Schuler, 2013; Polemio et al., 2009;
Andreo et al., 2006).
Assuming the pollution sources are evenly spread within the
catchment, the vulnerability methods would not take into account
the actual occurrence of pollution from local sources such as cesspits
and leaking sewer networks. Therefore, the second assessment of the
regional evaluation must be extended to include hazard areas that
cause pollution of the aquifer as a result of human activities (De
Ketelaere et al., 2004). The hazard assessment spatially maps the po-
tentially released pollutants by its type, quantity, and likelihood of
occurrence (Andreo et al., 2006). Conventional approaches classify
point and diffuse polluting anthropogenic land-use types into infra-
structures, industrial and commercial activities, or agriculture and
farming (Zwahlen, 2003; Margane et al., 1999), which can be com-
bined with geogenic origins (Nadiri et al., 2017). This paper is fo-
cused on point pollution in the form of uncontrolled sewage
discharge through settlement infrastructures for which only limited
data are available. The COST 620 initiative provides a hazard assess-
ment method that can be applied in the absence of data on water
quality, and has listed and rated over 90 groundwater-related haz-
ards in Europe, including ten hazards from wastewater generating
infrastructure (De Ketelaere et al., 2004). However, it offers only a
little explanation about the generation of its values and the
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context (Werz, 2006).
In the third and final step, we combined the spatial distribution of
the pollutant sources and the results of the vulnerability mapping to
achieve the risk assessment (Daly et al., 2004; Wisner et al., 2003).
This overall assessment is successfully used tomap the actualmigration
of pollutants down to the groundwater level. Hence, it is a valuable tool
for general resource protection (Hötzl et al., 2003).
Nevertheless, aquifers are not only threatened by the vertical infil-
tration of point and diffused pollutants, they are also contaminated by
the lateral distribution of pollutants that flows through the entire aqui-
fer (Sadeghfam et al., 2018). The main limitation of most vulnerability
approaches withminimal required data (like PI and COP) is themissing
implementation of the hydraulic conductivity and the lateral flow of the
saturated zone. Hence, the consequent risk method needs a lateral
groundwater flow model to investigate the possible spreading process
of pollution (Sadeghfam et al., 2018), and should be combined with
the sensitivity of the groundwater against a specific impact under con-
sideration of the economic or ecological value of the resource (Hötzl
et al., 2003). As a link between the regional and local focus, it will help
to prove the value of the groundwater to its users and the need for pro-
tection through specific treatment measures.
The objective of this study is to efficientlyminimise the deterioration
of aquifers by combining regional risk assessment with local WWT sce-
nario assessment. We presented a new approach that answers the chal-
lenge of how to prioritise areas for groundwater protectionmeasures in
a semi-arid catchment and achieve the most efficient local wastewater
treatment solution in a regional context.
The research objective addressed these three sub-questions:
1. Where in the catchment does thewastewater pollutionmostly affect
the aquifer?
2. How does this pollution spread in the aquifer?
3. What is the best economic solution to limit further pollution of
wastewater in the aquifer?
Using Jordan as a case study, we conducted an assessment of the re-
gional groundwater and the wastewater hazards. Then we combined
the result of the vertical flow with the lateral spread of pollutants in
the aquifer to provide specific recommendations for a regionally effec-
tive local WWT solution.
1.2. Test side
Jordan is confronted with the enormous problem of transporting
wastewaters by lateral flow, leading to pollution of drinking water
sources across the state. Consequently, several rural wells have been
shut down due to acute heavy contamination, and hence, regional
water supply has to be interrupted forweeks or evenmonths. Currently,
the water authorities are seeking suitable methods to prioritise the ap-
propriate protective measures. The focus is on contaminated well or
well field, which supplies the largest number of water users in order
to find its pollution sources (NICE, 2019). Grimmeisen et al. (2017)
show in a first study of nitrate isotope data for a groundwater aquifer
in Jordan, that wastewater contributes up to 25% to the groundwater.
A lack ofwater qualitymonitoring networks and the use of only isolated
local measurements make the regional water quality overview difficult.
The study area ofWadi al Arab catchment is a part of Irbid governor-
ate in the northwest of Jordan on the borders to Syria and Israel. Several
studies have focused on the pathways of its water sources (Rödiger
et al., 2017; Kraushaar, 2016; Siebert et al., 2014; Saadoun et al.,
2008), wastewater treatment infrastructure (Abdulla et al., 2016; JICA,
2015; Van Afferden et al., 2010), and the protection zones for its wells
(Al Qadi et al., 2018; Doummar et al., 2012; Margane, 2006).
The catchment annually receives about 200–500 mm of precipita-
tion only in the wet season between Octobers and April (Rödigeret al., 2017). Hence, Wadi al Arab is a good representative of many
water-scarce regions where aquifer groundwater is the primary source
for drinking. Fig. 1 shows that the surface catchment of the wadi span
across 200 km2 and ends with the metropolitan area of Irbid in the
east. Northwards it is bordered by the Umm Qais ridge and to the
west by the Lower Jordan Valley. Contrastingly, the subsurface catch-
ment of the underlying aquifer spans across 300 km2 wide. It extends
further south into the heights of the Ajloun plateau, reaching
1100 mean sea level (msl.) and slope further north on to Yarmouk
River at−240mmsl. (Rödiger et al., 2014). The aquifer system consists
of fractured and partly karstic lime- and dolostones of the Upper Creta-
ceous Ajloun Group (A7) and Cenozoic Belqa Group (B1+B2). This sys-
tem represents the primary water source in the study area and will be
further referenced as the main aquifer (A7/B2). The aquifer strata dip
northwest-wards induces confined flow conditions, where the impervi-
ous marly strata of Maastrichtian aquitard (B3) and an additional over-
lying aquifer (B4) are covering the main aquifer (Rödiger et al., 2017).
On the surface, this area contains 43 settlements with 16 of them
overlapping the main aquifer. This highly variable topography with re-
motely scattered settlements will increase the costs of sewer connec-
tions and present the water planners with a significant challenge. It is
assumed that the primary rural pollution of the groundwater is infil-
trated wastewater through leaking cesspits featuring very high organic
loads and high salinity (Al-Atawneh et al., 2017; NICE, 2015). In general,
cesspit leakages are difficult tomeasure andmonitor due to their differ-
ent sizes, constructions, and the degree of damages (Adegoke and
Stenstrom, 2019). Hence, it is estimated that the infiltration is between
5 and 100% (Amous, 2014). According to Cardona et al. (2012) and
USAID (2013), the daily wastewater production is around 64 l/p.ca. in
villages and in urban areas with a better infrastructure of water supply,
it is 80 l/p.ca. The wadi catchment contains two of the six WWTP in the
entire governorate. These are the Central Irbid plant (since 1991 with a
capacity of 21,000 m3/day) in the urban area of Irbid and the Wadi al
Arab plant (since 1999 with of capacity of 11,023m3/day) (USAID,
2013), which discharges effluents by a 15 km pipeline to the Jordan Val-
ley for irrigations purposes (JICA, 2015). Both plants have a good treat-
ment efficiency of 97–98% (Abdulla et al., 2016; JICA, 2015). However,
they are connected only to Irbid and two more villages in the study
area (Duqara and Som after USAID, 2013). The sewer leakages are as-
sumed to be 24% (JICA, 2015), depending on the age and material of
the sewer system. Both treatment plants were planned as usual via sur-
face catchment topography. One main reason for the surface focus by
the planners was to ensure gravitational flow of sewage to the plant
and avoid the additional costs of pumping (NICE, 2015). However,
since the construction of the WWTP, the population of Wadi al Arab
has considerably increased. The study area initially has a population of
around 318,000 (Brinkhoff, 2015), which grew by 4.5% annually until
2017, mainly due to the immigration of Syrians refugees (UNHCR,
2018). In 2018 the population growth levelled out by 2.5% per year,
but the amount of water consumed and the wastewater produced per
year is still high (DOS, 2018). The increasing scarcity of water in this re-
gion is due to the demographic and climatic changes, therefore, success-
ful protection of groundwater will be a critical factor in the future
development of this area.
2. Methods
2.1. Conceptual framework
Grimmeisen et al. (2017) show that sewer leakages in Jordanian
treated urban areas can be much higher than the presented 24% of the
only available monitoring data for Wadi al Arab (JICA, 2015). Since
JICA (2015) only investigated the sewer system, which is slow and ex-
pensive to expand, the unconnected houses of the growing city and
thus an unknown additional amount of leaking cesspits were not
taken into account.
Source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus









































































Fig. 1. Surface and subsurface catchment of Wadi al Arab in Jordan.
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5M. Clemens et al. / Science of the Total Environment 706 (2020) 136066In Fig. 2, the conceptual framework to link the regional groundwater
(GW) risk assessment with the local wastewater treatment (WWT)
management assessment is presented. It shows which geoscientific
methods and urbanwater engineering toolswere applied in a represen-
tative catchment of a water-scarce area — Wadi al Arab in Jordan.
To set up the GW risk assessment, we used themodified vulnerabil-
ity and hazard assessments to identify the filter capacity in the soil pas-
sage of this semi-arid area, and the impact of the wastewater pollution.
Then we added to the resulting risk assessment, the information of the
lateral flow to further examine the areas for the impact on the aquifer
users. Furthermore, we selected themost impactful area to demonstrate
how to find an optimal technical and low-cost solution based on the
local area and economic assessments.
2.2. Groundwater risk assessment
2.2.1. Vulnerability assessment
To obtain the vulnerability assessment, a land-cover database was
used with an ASTER image from May 2000 with obtained ground-
truth data from field campaigns during 2007 and 2009 (Rödiger et al.,
2014). Settlement areas larger than 0,015 km2 were updated from the
OpenStreetMap (after OpenStreetMap, Feb. 2019) and grouped into
100 × 100 m cells with a 500 m buffer zone of polluting influence. An
area fishnet grid was set up by applying standard features of ESRI GIS.
With the considerations of the upcoming focus on multi-pollutant of
wastewaters, only the intrinsic vulnerability was considered.
Because the study area contains one main karst aquifer, previous
































Fig. 2. Conceptual framework to protect groundwater resources through comethod. Consequently, in this study, the COPmethodwas used in accor-
dance with the study of Vías et al. (2006). Therefore, groundwater vul-
nerability of a location was described using the “COP Index”. The index
was calculated as [COP Index= C ∗ O ∗ P] using the given parameters for
each factor: concentration of flow C, overlying protecting layers O, and
precipitation P. Furthermore, the index termed as the vulnerability
level (V), described in ranges from 0 (high vulnerability) to 15 (high
protection) was usually classified into five levels from very high to
very low vulnerability. Factor P represented the spatial patterns of
water infiltration into the ground. Factor O defined the protection ca-
pacity of the geogenic layers between the surface and groundwater. It
included defined parameters for types and thicknesses of the soil (OS)
and lithology (OL) which are summarised in [O= OS+ OL]. Factor C de-
scribed the reduction of the protection capacity by concentrations of the
water infiltration and could be calculated based on two scenarios de-
pending on the existence of karst features like swallow holes or sinking
streams, by which polluted water ultimately drain into the groundwa-
ter. The karst scenario [C = dh ∗ ds ∗ sv] was based on defined parame-
ters for the distance to swallow holes (dh), the effect of surface slope
and vegetation (sv), and distance to sinking streams (ds). In the karst
free scenario, C was calculated based on surface characteristics like the
surface layers, slope and vegetation only. In conditions of existing swal-
low holes in the karstic aquifer over the entire study area, we used only
the karstic scenario.
However, due to the difficulties in predicting the local karst struc-
tures and the need to consider the semi-arid conditions of the study
area, modifications had to be made. The obtained ground-truth data
















mbined groundwater risk and wastewater management assessment.
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holes, which reconsidered a wide area with unknown cracks to the
groundwater, from 500 to 5000 m with a distance of 5–25 m to fault
zones. Furthermore, we modified the COP method to simulate semi-
arid conditions using the derived groundwater recharge data from a hy-
drological model (Rödiger et al., 2014). Since the groundwater recharge
rates present the spatial variability of rainfall and infiltration processes
into the soil, factor Pwas counted back and placed in a rescaled param-
eter range from 400 to 1600 mm/a to 0–100 mm/a, while factor O was
redundant within factor P and neglected.
2.2.2. Hazard assessment
In a second step, areas of potential anthropogenic hazards resulting
from missing or leaking wastewater structures were derived from
land-use data and information on wastewater treatment facilities as
well as from settlements connected to sewer networks (Brinkhoff,
2015; USAID, 2013). From this, we defined four classes of hazard viz:
untreated villages, untreated suburban and rural settlements (suburbs),
treated sub- and urban areas, and WWTP. Suburbs were distinguished
from villages when the users reach up to 5000 citizens. The potential
impact for each hazard (H) was calculated based on the regional data
and conditions that replaced similar proposed COST620 hazard types.
Each hazard was considered per single capita with the same daily pro-
duction, and calculated as follows:
hazard settlementð Þ −½  ¼ produced WW l=d=cap½   100
infiltrated untreated WW l=d=cap½ 
hazard WWTPð Þ −½  ¼ arriving WW treated settlementsð Þ l=d=cap½   100
infiltrated untreated WW l=d=cap½ 
The daily wastewater productions are 80 l/d/cap in sub- and urban
areas and 64 l/d/cap in villages (USAID, 2013). The infiltration of leaking
cesspits in untreated areas without a sewer system was assumed to be
on average 58%, after a study in Palestine by Amous (2014). In treated
areas, the sewer system leakage and infiltration alone reach up to 24%
(JICA, 2015). Due to the lack of data, it was assumed that all houses in
the treated settlements are connected to the sewer network. Hence,
the wastewater treatment plants receive the incoming 61 l/d/cap
wastewater from treated areas releasing 3% as unfiltered effluents
(JICA, 2015). Although these WWTP have a higher pollution impact
due to their treatment capacity ofmillions of cubicmeter per day,we as-
sumed that this pollution has to be seen in context to all connected set-
tlement and their positive effect of less infiltrated wastewater. Since
many of them are outside of this study scope, we referred only to the
connected settlements in Wadi al Arab.
2.2.3. Risk assessment
In the final risk assessment, the potential risk index (R) was calcu-
lated following the suggestion of Daly et al. (2004) and Wisner et al.
(2003): by multiplying the potential hazard values (H) with their aver-
age vulnerability level (V) as in [R=H ∗ 1 / V]. V had to beused inversely
to ensure that a high R-value also signified a higher risk. To compare the
effect (E) of each hazard, wemultiplied their risk by the total number of
inhabitants (Pop) in [E(H) = R(H) ∗ Pop(H)]. For the classes of WWTP, the
amount of treated (sub)-urban inhabitants was applied. Overall, the
population was used as a proxy for the actual amount of pollution pro-
duced and as the weighting factor for comparison. Hence, we indicated
that the most hazardously affected areas— that is, the untreated subur-
ban settlements, should be further analysed.
2.2.4. Impact assessment
For the risk sensitivity assessment (Hötzl et al., 2003) we defined the
“vertical impact” (VI) of the untreated suburban settlements by
weighting the average risk level of each settlement (S) using its popula-
tion (Pop) in [VI(s) = R(S) ∗ Pop(S)].However, experience has shown that the setup of a WWT system is
very costly, especially at the undulating topography of the Wadi. WWT
solutions aremore beneficial for downstreamusers since treatedwaste-
water is drained off outside the treating settlement inflow direction of
the surface or subsurface waters. Based on the use of groundwater as
the regional standard for home use and drinking, a socio-economic
value was given, which tremendously affects the use of water and in-
creases the water shortage in the event of pollution. Due to the lack of
data for the actual water supply per settlement, which include water
partly transported via tankers from well fields, it is broadly assumed
that the infiltration of untreated wastewaters affects all the down-
stream settlements along the groundwater flow paths.
To account for the pollution impact of the lateral spread within the
aquifer, groundwater flow information were derived by a transient nu-
merical groundwater flowmodel (Rödiger et al., 2017). The model was
driven by groundwater recharge data from a hydrological model
(Rödiger et al., 2014) and comprised hydrogeological information
from hydro-geochemical and isotopic studies (Siebert et al., 2014).
The abstraction rates were derived from the information on 18 wells
under observation and 15 active wells (data from the Jordan water in-
formation system (WIS) of the Ministry of Water and Irrigation), and
a particle tracking approach was used to visualise the main groundwa-
ter flow paths.We defined the “lateral impact” (LI) of each settlement to
get information on the potential spread of pollutants within the aquifer
by [LI(S)= VI(S) ∗ F(S) ∗ Pop(F)].Where VI(s) is the vertical impact factor of
the settlement, F(s) is the number of flow paths crossing the potentially
polluting settlement, and Pop(F) is the number of people potentially
abstracting water along the downward flow path. The settlement with
the highest lateral impact was further analysed in the upcoming WWT
scenario assessment.2.3. Wastewater treatment management assessment
2.3.1. Local area assessment
The ALLOWS (Assessment of Local Lowest-cost Wastewater Man-
agement Solution) approach (Van Afferden et al., 2015) was used to as-
sess potential wastewater management scenarios. This GIS-based tool
provides an integrated analysis of the current wastewater situation
and allowed to develop technical wastewater management solutions
at scenarios with associated cost estimations.
As a first step, the settlement was divided into micro-catchments
following its natural gravity-driven drainage flow, which depends on
the terrain analysis of a digital elevationmodel (DEM)with a raster res-
olution of 20 × 20 m and no increase elevation larger than 5 m within.
Information on buildings, infrastructure, and streets were derived
from Google Earth Pro (Google Inc., Digital Globe Image of 2018) and
Open Street Map (OSMF, 2019). For each micro-catchments, a potential
gravity-driven sewer network was constructed following the Jordanian
construction guidelines (MWH andWAJ, 2010) and assuming streets to
be potential sewer routes. Population density along the sewage network
was analysed to define the specific sewer requirements. The micro-
catchments were assumed to be connected, when the average length
of a sewer to the next network was closer than 2.8 m per person,
while catchments above this value were considered to rely on on-site
solutions (Lange et al., 2019). Furthermore, we assumed that the re-
moval of sludge from these individual on-site treatment units, Sequenc-
ing batch reactor (Jucherski et al., 2019) and Constructed wetlands
(Nivala et al., 2019), would occur at the closest wastewater treatment
plant.
We developed on the example of the highest lateral polluting settle-
ment four local wastewater management scenarios: tanker based solu-
tion, decentralised solution, semi-centralised solution, and centralised
solution. The sewer connection degree was set to zero and included as-
sumptions of demographic dynamics with a population growth of 20%
in 40 years (lifetime of sewer plant after DWA (2011)). We assumed
7M. Clemens et al. / Science of the Total Environment 706 (2020) 136066that the current population growth of 2.5% was influenced by the cur-
rent refugee dynamics and will level out in the long term.
For the tanker scenario, we considered that tankers will empty the
sealed holding tanks every two weeks for 45 JOD (after our experience
of 40 to 50 JOD), and the current cesspits will be replaced by non-
leakingholding tanks. Based on thementioned precondition and thede-
sign of the resulting sewer network for each micro-catchment, we de-
veloped a decentralised scenario. For the semi-centralised scenario,
we combined the sewer network of each micro-catchment into one
sewer collection. To transfer the wastewater to the treatment system,
we added trunk lines in combination with pumping stations and
pressurised pipelines. For the centralised scenario, we considered that
the wastewater gets transported through more pumping stations and
pressurised pipelines to the closest existing wastewater treatment
plant in the region.
2.3.2. Economic assessment
The delineated technical requirements, such as length of the local
sewer network, local WWTP capacity, and reuse options, formed the
basis for the economic assessment of the scenarios. The economic as-
sessment included the overall investment, reinvestment, as well as the
operation and maintenance (O&M) cost over the entire life-cycle.
With these costs, we calculated with the dynamic cost comparison cal-
culation method, the net present value (DWA, 2011) for each scenario.
We included the local and international benchmark costs for construc-
tion, reinvestments, and O&M of the complete wastewater infrastruc-
ture such as sewer networks, utility holes, pumping stations, and
WWTPs. The lifecycle of the wastewater infrastructure has been set up
for reinvestment costs. Based on the different life cycles of the compo-
nents, the analysis period was set to be 40 years (after DWA, 2011). A
treatment plant should cover the entire wastewater production of a
growing settlement and be designed to treat 100% of the calculated
wastewater production, which included 20% population growth. In the
meantime, the sewer network can only adapt slowly to the settlement
growth, due to the high costs of sewer constructions. For a realistic as-
sumption of the long term costs, we assumed that future additional
houses will build sealed holding tanks until a sewer expansion is feasi-
ble. Their content will be transported to the treatment plants within
the settlement. Finally, to estimate the net present value of the total pro-
ject cost, we selected a discounting factor of 3% per year in the dynamic
cost comparison method. The lowest-cost scenario will be presented as
the most efficient local solution for the region.
3. Results and discussion
3.1. Geogenic infiltration potential
The intrinsic vulnerability of Wadi al Arab, according to the original
COP method, is shown in Fig. 3a. Using the original COP method clas-
sifies 77% ofWadi al Arab as very high and 10% as highly vulnerable, re-
spectively. Low vulnerable areas are less than 1%, and areas of very low
vulnerability are entirely missing. The overall high vulnerability is a re-
sult of the 500 m buffer zones of the swallow holes in the original COP
method. However, most swallow holes are fault lines and represent lin-
eaments instead of open cracks. Hence the water flow is controlled by
morphology, stratification, and karst formation rather than by fractured
rocks. Additionally, the low annual precipitation of 200–500mm is rep-
resented bymeasuring stations that do not cover the entire area and can
only be presented in the method with one parameter instead of a pa-
rameter range. Both lead to the presentation of no variabilities and re-
charge areas on the map.
The original COP method proves to be inaccurate in the study area
and needs modifications based on the influence of swallow holes and
low precipitation.
Using the modified COP parameters, the resulting map in Fig. 3b
shows a higher diversity of potential vertically infiltrating pollutionfrom the surface within all five vulnerability classes. It results in a
much lower average vulnerability due to the decreased width of the
buffer zones around the faults. Also, it has a more detailed resolution
of the groundwater recharge pattern based on the hydrological model
data and the adjusted precipitation factor. The modified COP method
classifies less than 1% of the area is very high vulnerable, 25% is highly
vulnerable, and the dominant 43% of the area is medium vulnerable.
The very high to medium vulnerable areas are mainly located in the
southern recharge area and represent the geogenic structure, as
shown in Rödiger et al. (2014). This area highlights the most important
freshwater source in theWadi, and its vulnerability level is similar to the
COP results of (Margane et al., 2015).
Nevertheless, in the north, the huge area of medium vulnerability
should be less intensive due to the underlying protective aquiclude.
Here, the mathematical composition of the COP parameters shows sev-
eral weaknesses. While the method compares in factor O, the thickness
of the overlying layer, mathematically it drastically reduces the protec-
tive function when a strong surface dip appears in the northern zone.
The steep surface slope over the aquiclude and the confined conditions
under the aquiclude also reduce the protective function of the concen-
tration of flow (C) factor. This shows that the method is limited when
it comes to overlying aquifers or heavy slopes in the topography. 22%
of the catchment area shows lower and even 9% very low vulnerability,
respectively.
These areas are located above the impermeable aquitard, which
covers the main aquifer and reduces the risk of pollution and also
shows realistic conditions. However, the properties of the overlying
layers include potential water paths, due to faults in the main aquifer
and riverbeds, which lead to the fine scattered vulnerabilities.
This vulnerability assessment shows that the COP method (Vías
et al., 2006) is suitable as a starting method in karstic areas (Polemio
et al., 2009) but needs local geogenic and semi-arid climatic modifica-
tions comparable to Xanke et al. (2017), Margane and Schuler (2013),
and Andreo et al. (2006). The adjusted vulnerability map is more de-
tailed and provides a good overview for regional decision-makers as
proposed by GW-MATE (2002). Within the context of more socioeco-
nomic and policy research, the map can be used to locate secure oppor-
tunities for further regional development without groundwater
contamination (GWP, 2014; Kemper, 2004).
3.2. Origins and risk of untreated wastewater infiltration
We identified four potential polluting sources of untreated infiltrat-
ing wastewater and generated hazard values for each of them. In Wadi
al Arab, all untreated settlements are recognized as the main threat,
followed by the treated settlements. For the treatment plant, the pollu-
tion effects are significantly lower, due to the small proportion of con-
nected settlements in the Wadi area.
➢ H= 46; Untreated Suburbs are all settlements with above 5.000 in-
habitants without sewer systems and 54% leaking cesspits
➢ H= 37; Untreated Villages are all settlements with under 5.000 in-
habitants without sewer systems and 54% leaking cesspits
➢ H=19; Treated Sub- and urban areas are all settlementswith under
5.000 inhabitants and 24% leaking sewer system
➢ H = 2; Wastewater Treatment Plants are the WWTP Wadi al Arab
and Irbid with 3% leakages
The map sections in Fig. 3 focus on the most populated settlements
in Wadi al Arab and indicate their (c) vulnerability levels, (d) hazard
values, and (e) risk indexes. The results of the risk definition are
visualised in Fig. 3e and scaled in four equal intervals. Settlements
within high vulnerable areas are located from the south to the centre.
In the north, further downstream, the protecting aquitard prevents fur-
ther infiltration resulting in less vulnerable conditions for the





Fig. 3. a)Vulnerabilitymapof the original COPmethodwith fault zones. b) Vulnerabilitymap of themodifiedCOPmethod. c)Vulnerability levels of selected settlements. d)Hazard indexes
of these settlements. e) Resulting risk indices for each settlement.
8 M. Clemens et al. / Science of the Total Environment 706 (2020) 136066settlements. The highly hazardous untreated suburbs and villages are
mostly situated on high and moderate vulnerable ground, which result
in similar high and high-risk patterns. The mapped WWTP are difficult
to compare due to missing information about their spreading area.
It is also visible that the treated settlements are also located onmod-
erate and high vulnerable areas, which decreases their risk significantly.Table 1









Suburbs untreated 3.01 46 15




WWTPs 2.19 2 1The overall risk of the entire catchment is mostly moderate (0.2% very
high, 18% high, 63.8% moderate, and 18% low). However, as presented
in Fig. 3c, the high risk starts in the karstic south and continues through
the settlements to the centre of the section. From that area on, down-
stream, the risk decreases immediately due to the onset of the protec-















9M. Clemens et al. / Science of the Total Environment 706 (2020) 136066However, the riskmap (Fig. 3e) is not specific enough to identify the
most polluting hazard. The effects of each hazard had to be compared in
Table 1, and it showed that the most significant threat of groundwater
pollution is from the untreated suburbswith 62% of the entirewastewa-
ter related pollution, due to their high population ratio (48%), on amod-
erate vulnerable ground (3.01), but high hazard value (46) and
consequently risk value. In contrast, the treated settlements have one-
third lower polluting effect with 21%, even when they are on the more
vulnerable ground (2.71), due to lower population ratio (35%) and the
reduced hazard value (19). Untreated villages have the lowest pollution
effect with 15% overall and with a very high hazard value (37), due to
their location on less vulnerable areas (3.47) and very low population
ratio (17%).
The hazard classes from De Ketelaere et al. (2004) are adapted as
needed (Andreo et al., 2006; Werz, 2006) with an own derived calcula-
tion to the local wastewater condition of the study area. Due to the
change of the dimensionless hazard values into hazard values with pre-
cise dimensions of l/cap/day, the Cost620method (Zwahlen, 2003) sub-
sequent risk assessment after Hötzl et al. (2003) is only of limited use.
Nevertheless, it enables us to associate the risk value of the potential
wastewater infiltration with the actual number of wastewater pro-
ducers and to complete the risk intensity assessment (Daly et al.,
2004). Therefore, the most significant threats of groundwater pollution
are suburbs with cesspits and without wastewater treatment connec-
tions similar to the study area of Al-Atawneh et al. (2017) and the gen-
eral suggestion of NICE (2015). Grimmeisen et al. (2017) show that
sewer leakages in Jordanian treated urban areas can be much higher
than the presented 24% of the only available monitoring data for Wadi
al Arab (JICA, 2015). Since JICA (2015) only investigated the sewer sys-
tem, which is slow and expensive to expand, the unconnected houses of
the growing city and thus an unknown additional amount of leaking















Fig. 4. a)Vertical pollution impact by suburban settlements in theWadi al Arab. b) Lateral polluti
and lateral impact per settlement.3.3. Effects of main aquifer pollution
The vertical and lateral impact of settlements ismapped in Fig. 4, and
the results are divided into four classes with equal intervals. Fig. 4a
shows that the suburbs Kufr Yuba, Al Mazar, and Al Taiyiba have signif-
icant vertical impacts of groundwater pollution with 17%, 16%, and 12%,
respectively. All three settlements have a high population of around
20,000 inhabitants and are located over the vulnerable karst recharge
area. The other settlements have a vertical impact ratio of less than
10% due to smaller population or higher protection of the ground.
Given the location of the settlements, it is assumed that the northern
settlements Al Mansuhra and Umm Qays are connected with the
upper aquifer and are not influencedby themain aquifer.While suburbs
over the aquitard use water from the main aquifer and are affected by
groundwater pollution.
Fig. 4b shows the groundwater flow paths of the main aquifer with
all connected settlements and slight N-Wdrifts due to high declinations
of thewater table around the activewells. Their northern density shows
the confined groundwater condition under the aquitard and upper
aquifer layers. The pollution of the settlements spreads throughout the
paths and affects all the people using the water. As a result, the range
of the suburbs vertical pollution from around 3 to 17% changes in the
lateral pollution from 0.01 up to 59%, and only five settlements have
over 1%. Broadly we hypothesise that the higher the upstream location,
themore significant the pollution spread in the recharge area, hence, af-
fecting more settlements downstream. The main vertically polluting
settlements Kufr Yuba and AlMazar stay essential and gained a stronger
influence due to the underlying widespread of the 132 to 365 flow
paths. The change from vertical to the lateral impact of all settlements
can be deduced from Fig. 4. What stands out is the dominant increased
lateral pollution impact from 16 to 59% of the southern settlement of Al







Al Mazar 16.05 58.6
Kufr Yuba 16.75 21.5
Dayr Yūsuf 8.78 15.38
Al Taiyiba 12.16 1.7
Beit Yafa 8.7 1.53
Qumaym 6.29 0.49





Al Mansuhra 2.77 -
Umm Qays 3.02 -
C) Comparison
on impact over theflowpath of themain aquifer A7/B2. c) Listed comparison of the vertical
10 M. Clemens et al. / Science of the Total Environment 706 (2020) 136066northern location. This is followed by Dayr Yusuf with a lower local pol-
lution impact of 9% due to its small population, and a raised lateral pol-
lution impact of up to 15% within its upstream location. In contrast, the
major vertically polluting settlement Al Taiyiba decreased from around
12 to 2%. The other suburban settlements follow, as shown in Fig. 4c.
This comparison helps to demonstrate the difference between the
focus on the actual local contamination and its regional impact. How-
ever, itmust be clear that the vertical impact is additive, and its sumrep-
resents the total groundwater pollution from suburban threats, while
the lateral impact includes the redundant downstream affected popula-
tions. Small settlements are supposed to have a smaller vertical impact
due to their population, but they can also have a significant influence
due to the flow paths which could affect people located in the recharge
area. Nevertheless, due to the previous separation of settlements with
less than 5000 inhabitants and the hazard assessment, these villages
are neglected. However, with an annual population growth of 2.5%, sev-
eral of the villages will soon develop to suburbs and have to be consid-
ered and compared with the actual ranked ones in future lateral impact
assessments.
3.4. Groundwater risk recommendation
The risk sensitivity assessment allows the regional interpretation of
the vertical pollution when combined with the lateral groundwater
flow model, as recommended by Hötzl et al. (2003). The results show
the contamination spreading fromeach settlement and thus indicate lo-
cations for required monitoring of cesspits and their leakage levels, as
shown by Amous (2014). The impact assessment results indicate the
main threat within the settlement of Al Mazar. Hence, we recommend
it for further wastewater management assessment.
Previous assessment by USAID (2013) ranked Al-Mazar with the
least importance for wastewater implementations due to i) its distance
to the existing WTT plants and ii) no reported environmental issues.
Hence the earliest sewer constructions in the period of 2016 to 2035
are envisaged in the years 2026. Thementioned reasons are conclusive:
i) The location of the settlement is outside of the Wadi al Arab surface
catchment, and the elevation between would highly increase the cost
of its connection to the existing sewer systems inWadi al Arab. ii) Its po-
sition above the groundwater recharge area enables a low retention
time for pollution due to the high amount of flow paths, and detecting
of potential pollution will need specialised monitoring. In the mean-
time, tanker services are sufficiently established in this region to
empty the cesspits when ordered by the households for 45 JOD. How-
ever, since there is no further information on the use of these services,
the amount and condition of leaking cesspits, as mention in (NICE,
2015), is unknown.
The results of the recent groundwater risk assessment also indicate
that Al Maza has a higher regional impact. This settlement is merged
with the upper settlement of Dayr Yusuf, and their combined infrastruc-
ture can be optimally used for a further WWT solution that will include
both settlements. Both potentially produce 25% of the entire suburban
pollution,which is 12% of the entire infiltratedpollution of all the classes
of hazards. They even becomemore important in the context of the lat-
eral groundwater flow, where they contain 74% of the suburban re-
gional pollution impact, which affects 93% of all the downstream
settlements using the aquifer.
3.5. WWT Scenarios
The selected area of Dayr Yusuf/Al Mazar has around 33,000 in-
habitants (Brinkhoff, 2015) with two dense centres in the North
and the SouthWest (Fig. 5). The entire suburban area has nine
micro-catchments with around 170 to 9000 inhabitants collectively
producing wastewater of around 5000m3 to 260,000m3 per year, re-
spectively. Micro-catchments N°4 and N°9 have only 18 and 95
houses and would need an average of 4.8 m canal length per person.The cost of these connections would be inefficient, given that the on-
site solutions (SBR or constructed wetlands) are planned for both
catchments.
With the results of the terrain analysis, we developed the following
four scenarios for the wastewater treatment solution in Dayr Yusuf/Al
Mazar, as shown in Fig. 6:
(1) A tanker based state of the art scenario includes new sealed hold-
ing tanks for every house, where the content is emptied into
tanker trucks and transported to already existing WWTP, such
as the currently managed ones.
(2) The decentralised wastewater scenario in Fig. 6a has four small
wastewater treatment facilities around the settlement. It fulfils
the standard requirements of proximity to settlement as well as
the distance from residential areas. The number of treatment
plants is reduced as much as possible to ensure that one plant
is not located in the upstream position of the natural surface
drainage of another plant. The sewer lines of several micro-
catchments are connected to collect their wastewater at four
points:
• The northern (red) plant includes micro-catchment N°1 and 2
• The western (blue) plant includes micro-catchments N°3 and 5
• The eastern (green) plant includes micro-catchment N°6 and 7
• The southern (yellow) plant for micro-catchment N°8 only
These decentralised wastewater plants are a small solution in the
form of constructed wetlands with wastewater capacities for a maxi-
mum of 10,000 inhabitants. The remaining micro-catchments N°4 and
9 are supposed to have on-site solutions, and 5% of the maintenance
cost is planned for running the tanker services.
(3) The semi-centralised scenario in Fig. 6b involves three pumping
stations and pressurised sewers in the south, which transports
wastewater frommicro-catchment 8 to themain sewer network.
All small decentralised WWTP are replaced by one main semi-
central WWTP, which treats the wastewater generated by
39,000 inhabitants. The plant is bigger than the individual
decentralised treatment plant and is a technical solution in the
form of a sequencing batch reactor (SBR). Additionally, the net-
work has three gravity trunk lines, which transports wastewater
through catchment N°9, 4, and 2 by gravity to the treatment
plant. Micro-catchments N°4 and 9 are supposed to have on-
site solutions, and 5% of the maintenance cost is planned for
tanker services.
(4) The centralised scenario in Fig. 6c is similar to the semi-
centralised scenario, but instead of one collecting WWTP, it in-
cludes seven additional pumping stations, which deliver waste-
water to the existing sewer network of the city of Irbid.
3.6. Costs of the scenarios
The cost assessment in Fig. 7 gives an estimate of the investment
and O&M costs of the sewer system, pump stations, and wastewater
treatment plant, tanker transport system, and upgrade of the holding
tanks. Though the tanker solution has the lowest demand for invest-
ment cost (approx. 10.3 Million JOD), it requires an upgrade of all
existing cesspits. At the same time, it has the highest financial re-
quirements for O&M cost with 2.2 Million JOD per year, which
makes this solution the most expensive and highly inefficient in
the long term. The assessment also indicates that the decentralised
scenario with four small plants is the most cost-efficient solution
with an approx. Investment of 25.5 Million JOD and 245,000 JOD
for O&M costs. The semi-centralised and centralised scenarios have
similar cost requirements but are less favourable compared to the
Fig. 5. Infrastructure and density of the selected settlement with delineation of micro-catchments.
11M. Clemens et al. / Science of the Total Environment 706 (2020) 136066decentralised scenario. The sewer costs in the centralised scenario
are higher due to the longer distance, high O&M cost, and added bud-
get expenses of additional load for the Irbid Central treatment plant.Fig. 6. a) Decentralised b) semi-centralised and c) centralisedThe total project cost of all the scenarios, in the long-term view of
40 years, shows that the decentralised scenario is the best and the








Septic tank upgrade 10,266,000 339,000 339,000 339,000
Sewer - 20,418,630 23,890,305 26,127,480
Pumping station - - 172,500 901,767
WWTP - 4,766,134 2,703,374 -
Total Capital Cost 10,266,000 25,523,764 27,105,179 27,368,247
Tanker cost 2,248,254 76,656 74,241 74,241
Sewer - 62,187 68,912 75,872
Pump station - - 9,000 37,000
WWTP - 105,695 187,708 135,403
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Fig. 7. Economy analysis of the WWT scenarios for Dyr Yusuf/Al-Mazar.
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Using the results of the local area and economic analysis with the
ALLOWS-tool (Van Afferden et al., 2015) enables a detailed wastewater
management assessment. Therefore, the tool recommends building a
cost-effective decentralised wastewater management solution
(Wilderer and Schreff, 2000) with only gravity sewer networks, and
four small wastewater treatment facilities in the form of constructed
wetlands in the settlement of Dayr Yusuf/Al Mazar. With that, 12% of
the entire aquifer pollution would be eliminated for the benefit of the
24 settlements downstream. The results show the successful examina-
tion of the conceptual framework presented, and enables selection of
the best economical local wastewater treatment scenario that minimise
the highest threat to groundwater pollution over the entire aquifer, and
achieve positive results for all affected abstraction sites.
To execute further groundwater protection measures, we recom-
mend further scenario assessments for every settlement with lateral
pollution impact as in Fig. 4. For example, the settlement Kufr Yuba
with a high lateral pollution of nearly 17%, affecting eleven downstream
settlements, could be ranked as the next prioritisation. However, be-
cause its location is near Irbid city, its optimised solution will likely be
a centralised scenario with a few central pumping stations delivering
wastewater to the existing sewer network in Irbid for treatment at its
WWTP. This shows that every settlement needs a tailored local assess-
ment for an optimal WWT solution, as mentioned by Libralato et al.
(2012). Furthermore, it should be noted that feedback of the ongoing
sewer implementations and villages which will develop to suburban
areas is needed to update and extend the ranked results of this paper.3.8. Discussion of the conceptual framework
The conceptual framework (Fig. 2) is successfully implemented in
this paper, and it provides amethod to prioritise theWWTgroundwater
protection actions as requested in water-scarce countries like Jordan
(NICE, 2019). Already thewidely used COP (Vías et al., 2006) vulnerabil-
ity method (Margane et al., 1999) is easy to adapt in data scarcity and
partly or mainly karstic regions (Machiwal et al., 2018; Polemio et al.,
2009) using fewparameter range adaptations on local semi-arid precip-
itation amount and karst structures (Andreo et al., 2006; Foster et al.,
2013). Nevertheless, the results still need additional verification when
overlapping aquifers, aquitards, or steep dips appear in the study
areas, due to misinterpretations of the mathematically simplified
method.
In the hazard assessment, the COST620 (De Ketelaere et al., 2004)
hazard values can be used for any kind of unmeasured water pollution
origins when the region is within the European comparability (Werz,
2006). Nevertheless, our generated formula provides benefits withmore realistic values for treatable wastewater hazards and can be
used in every region. In that case, it will need the broad local data of
water consumption and the estimated leakages of existing sewer sys-
tems. However, the overall leaking amount of on-site treatment units
like cesspits strongly depends on the type (Adegoke and Stenstrom,
2019) and regional building regulations relative to the tanker service
costs. It is strongly recommended to compare only studies with similar
field conditions like here in Palestine (Al-Atawneh et al., 2017) for
Jordan.
The subsequent risk assessment combines the vulnerability and haz-
ard assessments and needs a more detailed impact assessment which
focuses on the potential local pollution origins. However, with the inte-
gration of a lateral flow model, the pollution overview is complete and
shows the distribution and its effect on other areas (Hötzl et al., 2003).
This overview can be used to locate all required measurement sites to
validate the result of themethod before implementing the scenario. De-
pending on the hazard considered, the entire groundwater assessment
can also be designed for industry and agriculture pollution, or focus on
the consequences for wells, reservoirs or reuse options. The mentioned
local assessment has to be defined, respectively.
However, when a local wastewater hazard source is prioritised in
the catchment, the local scenario building and economic assessment
methods of the ALLOWS tool (Van Afferden et al., 2015) are applicable
and offer the most feasible economic small-scale solution (Wilderer
and Schreff, 2000), although they need to bemodified after the national
regulation for sewer networks (NICE, 2015; DWA, 2011).
4. Conclusion
In this study regarding groundwater protection under the condition
of water scarcity, we developed a new conceptual framework that com-
bines regional groundwater risk assessment with local wastewater
management assessment. The framework combines the vulnerability
and hazard assessment to generate riskmaps. A numerical groundwater
flow model was applied to assess the lateral spreading of the pollution
within the aquifer, resulting in a regional impact map, enabling the
prioritisation of the area with the highest impact. In this area, efficient
wastewater treatment solutions are proposed based on the local area
assessment in combination with an economic assessment.
This study shows that vulnerability assessment approaches such as
the COP method, need tailored adaption to the prevailing semi-arid
hydroclimatic conditions and hydrological processes and without
them, they are limited in their ability to identify key sites for groundwa-
ter protection measures. In this paper, a newmethod to adjust regional
wastewater related hazard values is presented in combination with a
vulnerability assessment to enable an adequate overview of potential
risk areas. These areas are shown with their vertical local impacts, and
can also be extended to their regional impacts using a lateral
13M. Clemens et al. / Science of the Total Environment 706 (2020) 136066groundwater flow paths model. As an example, a settlement with the
highest suburban pollution impact affecting nearly all downstream set-
tlements is selected for further assessment. The WWT scenario assess-
ment reveals that the current tanker solutions are not an adequate
long term solution in most regions, hence, it recommends tailored solu-
tions. With the implementation of the cost-efficient decentralised
wastewater solution, the main impact of groundwater pollution will
be reduced. This rebalancing subsequently increases the impact of the
other lower polluting suburbs in the catchment area proportionally.
Hence, the ranking of this paperwill remain until villages are developed
into suburban areas and have to be taken into consideration.
With more detailed information about leaking infrastructure or
other hazard origins, e.g., agriculture, further research could be con-
ducted that focus on the actual infiltrating load of specific pollutants.
In combination with their duration on the flow path and the residence
time in the aquifer, this research could optimise future treatment and
reuse options in a catchment and provide more efficient management
solutions for groundwater protection.
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